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Abstract—Estimates of the abun-
dance of American horseshoe crabs 
(Limulus polyphemus) are important 
to determine egg production and to 
manage populations for the ener-
getic needs of shorebirds that feed 
on horseshoe crab eggs. In 2003, over 
17,500 horseshoe crabs were tagged 
and released throughout Delaware 
Bay, and recaptured crabs came from 
spawning surveys that were conducted 
during peak spawning. We used two 
release cohorts to test for a tempo-
rary effect of tagging on spawning 
behavior and we adjusted the number 
of releases according to relocation 
rates from a telemetry study. The 
abundance estimate was 20 million 
horseshoe crabs (90 % conf idence 
interval: 13−28 million), of which 6.25 
million (90% CI: 4.0−8.8 million) were 
females. The combined harvest rate 
for Delaware, New Jersey, Virginia, 
and Maryland in 2003 was 4% (90% 
CI: 3−6%) of the abundance estimate. 
Over-wintering of adults in Delaware 
Bay could explain, in part, differences 
in estimates from ocean-trawl sur-
veys. Based on fecundity of 88,000 
eggs per female, egg production was 
5.5×1011 (90% CI: 3.5×1011, 7.7×1011), 
but egg availability for shorebirds also 
depended on overlap between horse-
shoe crab and shorebird migrations, 
density-dependent bioturbation, and 
wave-mediated vertical transport. 
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The American horseshoe crab (Lim-
ulus polyphemus), having persisted 
largely unaltered for millions of years, 
is now central to a modern manage-
ment debate of conﬂicting interests by 
commercial watermen, birdwatchers, 
biopharmaceutical companies, and 
eco-tourists (Odell et al., 2005). The 
management controversy is most acute 
in the Delaware Bay region where the 
high abundance of horseshoe crabs 
has resulted in the dependence of 
migrant shorebirds on horseshoe crab 
eggs to fuel their northern migration 
to nesting grounds (Botton and Har-
rington, 2003). 
Because management goals have 
linked the horseshoe crab fisheries 
to the viability of other species, such 
as migrant shorebirds (ASMFC1), it 
is not sufﬁcient to manage on the ba-
sis of typical reference points, such 
as maximum sustainable yield, be-
cause sustainable harvest is not the 
primary issue. In Delaware Bay, the 
viability of shorebirds has taken pre-
cedence in decision making (Botton 
and Harrington, 2003; Baker et al., 
2004). Effective management should 
reference a critical threshold of horse-
shoe crab abundance that provides 
sufficient eggs and should sustain 
that threshold. Thus, abundance be-
comes a critical parameter because 
abundance estimates are useful for 
predicting the egg biomass that is 
available to migrant shorebirds and 
for assessing harvest rate. 
Horseshoe crabs bury their eggs in 
beach sediment, typically 15 to 20 cm 
deep (Shuster and Sekiguchi, 2003). 
Eggs are exhumed to the beach sur-
face and become available to forag-
ing shorebirds through a process of 
entrainment in activated sediment, 
followed by vertical transport into 
surface sediments. Nest disturbance, 
which precedes entrainment of eggs, 
is predominantly due to bioturba-
tion; whereas wave energy is only a 
contributing factor because typical 
estuarine waves do reach nest depth 
(Jackson et al., 2005). Given a rela-
tionship between egg exhumation and 
spawning density, egg availability 
could be predicted from current and 
projected horseshoe crab abundance. 
1 ASMFC (Atlantic States Marine Fish-
eries Commission). 1998. Interstate 
fishery management plan for horseshoe 
crab. Fishery Management Report No. 
32, 58 p. ASMFC, 1444 Eye Street, NW, 
Sixth Floor, Washington, DC 20005. 
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Delaware Bay to spawn. One boat ﬁshed 
New Jersey 
Delaware 
Figure 1 
Locations in Delaware Bay where horseshoe crabs (Limulus 
polyphemus) were tagged and released. Size of symbols are 
graduated to reflect size of catches, and symbol style reflects 
whether releases occurred during the prespawning season 
period (26 March to 8 May 2003; triangle) or prepeak-spawning 
period (28–30 May 2003; circle). White lines perpendicular 
to the shoreline indicate strata within which catch effort 
during prepeak-spawning period was equally distributed. 
Black lines along the shore indicate approximate locations 
of spawning areas. 
Thus, studies to estimate abundance are 
an important step in the process of man-
aging horseshoe crabs to meet the ener-
getic needs of shorebirds. 
We used results from a bay-wide mark-
recapture effort during spring 2003 to 
estimate horseshoe crab abundance. Un-
derlying assumptions of mark-recapture 
methods were accounted for in our study 
design and were evaluated during analy-
sis. Recapture effort was distributed over 
Delaware Bay beaches by involving par-
ticipants of a bay-wide spawning survey. 
We related our abundance estimates to 
reported landings to assess the recent 
harvest rate and used published fecun-
dity estimates to predict egg production. 
Materials and methods 
We captured, tagged, and released horse-
shoe crabs from boats during two peri-
ods in 2003: a prespawning-season period 
(abbreviated to “preseason” in this article) 
from 26 March to 8 May and a prepeak-
spawning period (abbreviated to “prepeak”) 
from 28 to 30 May 2003. The numbers of 
crabs tagged were 7221 and 10,322 during 
the preseason period and prepeak period, 
respectively. The target population was 
adult horseshoe crabs that were present in 
throughout the bay during the preseason 
period, and three boats ﬁshed nearshore 
during the prepeak period (Fig. 1). Pre-
peak period captures took place within 
strata of equal length along the Dela-
ware Bay shoreline (Fig. 1). During the 
prepeak period, two boats ﬁshed in New 
Jersey, but only one boat ﬁshed in Dela-
ware because of a lack of funding. Because 
of the additional boat in New Jersey, ﬁsh-
ing effort and the number of crabs tagged 
were higher in New Jersey. Any animal 
injured during capture was culled and not tagged. Adult 
males and females were tagged with standard button 
tags. Tags were 4.4 cm in diameter, bore a unique tag 
number and carried instructions on the tag for report-
ing a captured tag. Further detail on tags and tagging 
methods are described in Brousseau et al. (2004). 
Recaptured tags came from the Delaware Bay spawn-
ing survey during the peak period of spawning (29 
May, 31 May, and 2 June 2003). Although the spawning 
survey was conducted during spring tides in May and 
June, the recapture period for abundance estimation 
was limited to the peak spawning period to help satisfy 
the assumption of population-closure during the time of 
mark-recapture study (Borchers et al., 2002). Spawning 
survey volunteers were instructed to count all horse-
shoe crabs in sample quadrats and record tags that they 
encountered inside and outside of the sample quadrats. 
Flashlights were used when the survey occurred after 
dark. During the spring tide period around the new 
moon (29 May to 2 June 2003), 23 beaches were sur-
veyed throughout Delaware Bay (Smith and Bennett2; 
2 Smith, D. R., and S. Bennett. 2004. Horseshoe crab 
spawning activity in Delaware Bay: 5 years of a standard-
ized and statistically-robust survey, 10 p. Report to the 
ASMFC Horseshoe Crab Management Board, Atlantic States 
Marine Fisheries Commission, Washington DC. Website: 
http://www.lsc.usgs.gov/aeb/2065/isa%20report%2005.pdf 
[accessed on 21 October 2005]. 
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Fig. 1). The design of the spawning survey is described 
in Smith et al. (2002). 
Mark-recapture methods 
We took two approaches to estimate abundance. The 
ﬁrst was an application of Chapman’s modiﬁcation of the 
Petersen estimator (Borchers et al., 2002). We applied 
the Petersen estimator separately for each of the two 
release periods and the three spawning survey dates. 
In addition, we combined the releases and recaptures 
for a pooled Petersen estimate. 
The second approach was based on an extension of a 
likelihood presented by Borchers et al. (2002: p. 118, 
Eq. 6.11). We extended the likelihood to allow for a 
temporary effect on spawning behavior due to the cap-
ture and tagging process by including separate recap-
ture probabilities for each release cohort. The extended 
likelihood was 
u s M1s −m1sLs =∏ s s  s s 
*
3  N − M•s 

 
p s (1 − p )N − M• s −u  
M1s  pm1s (1 − p ) 
s=1 us  m1s 
M2s −m2s  M2s  ( p ∗)m2s (1 − p *)s s m2s  
where N = the abundance at the start of the recap-
ture period at the end of May 2003; 
= the number of preseason tagged animalsM1s 
at large at time s; 
= the number of prepeak tagged animalsM2s 
at large at time s (M•s =M1s +M2s); 
m1s and m2s = the recaptures of preseason and prepeak 
tagged animals at time s; 
u = the survey count of untagged at time s;s 
ps = the capture probability for untagged 
and preseason tagged animals at time 
s; and 
ps* = the capture probability of prepeak tagged 
animals at time s. 
We also ﬁtted a likelihood that set all recapture prob-
abilities to be constant through time, i.e., ps = p for all 
recapture surveys, which reduces to Borchers’ original 
likelihood (Borchers et al., 2002: p. 118, Eq. 6.11). 
We used maximum likelihood methods to estimate 
ˆabundance N and recapture probabilities ( pˆ s , pˆ
* 
s). We 
used the Petersen estimate for the initial value for 
Nˆ and used ms/Ms as the initial value for recapture 
probabilities. Proﬁle-likelihood intervals were calcu-
lated for the abundance estimates (Borchers et al., 
2002). MathCad (vers. 12, Mathsoft Engineering and 
Education Inc., Cambridge, MA) and SAS (vers. 9, 
SAS Institute Inc., Cary, NC) were used to ﬁnd nu-
merical solutions to the likelihood and proﬁle-likelihood 
equations. 
The following assumptions underlie the mark-recap-
ture methods that we applied (Borchers et al., 2002): 
1 No emigration or mortality occurred during the 
period between release and recapture; 
2 the tagged animals represented an adequate 
sample; 
3 animals were captured independently of one another; 
4 tags were not lost or overlooked; and 
5 recapture probability depended only on recapture 
occasion, was equal among animals of the same sex, 
and was equal for tagged and untagged animals. 
The study was designed through the timing and dis-
tribution of releases and recaptures to meet the first 
two assumptions. The prepeak releases and recaptures 
were designed to be close in time to meet the assump-
tions of no emigration and no mortality. Immigration 
occurred during the time between preseason release 
and recapture; therefore we estimated the number 
of adults in Delaware Bay at the time of recapture, 
which was at the end of May in 2003 (Skalski and 
Robson, 1992). Some mortality occurred during the 
time between preseason release and recapture that 
we were not able to account for; however, we expect 
that mortality was similar for tagged and untagged 
animals. We ensured that both initial capture and 
recaptures were spatially distributed by distribut-
ing the releases throughout Delaware Bay during 
preseason tagging and within strata during prepeak 
tagging effort (Fig. 1) and by distributing recapture 
effort systematically by means of the spawning survey 
(Smith et al., 2002). The third assumption could be 
violated if horseshoe crabs moved locally in groups. 
However, recaptures came from widely spaced quad-
rats, so that even if the animals moved in groups, 
the whole group was unlikely to be recaptured within 
single quadrats. Although tag loss could be a sig-
nificant factor over an extended period, we did not 
believe that significant tag loss occurred, especially 
over the five days from prepeak release to recapture 
period (28 May to 2 June 2003). In a tag-loss study 
conducted at the United States Geological Survey 
Leetown Science Center with identical tags, no tag 
loss over ≥60 days was reported, indicating that tag 
loss between preseason and recapture periods would 
not have been significant (Crawford3). Tags could have 
been overlooked during the spawning survey. Females 
bury themselves in beach sediment during spawning, 
and their tags could have been readily overlooked. 
In contrast, males do not bury themselves and the 
4.4 cm white button tag is highly visible in daylight 
or when illuminated by f lashlight. Nevertheless, tags 
on males could have been obscured when the horse-
shoe crabs piled up during peak spawning. Thus, 
we restricted our mark-recapture analysis to male 
horseshoe crabs that were counted and recaptured 
within 1-m2 quadrats when surveyors were focusing 
on a small area. 
3 Crawford, E. 2003. Unpubl. data. USGS-Leetown Science 
Center, 11649 Leetown Road, Kearneysville, WV 25430 
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We limited mark-recapture estimates to males be-
cause capture probability was not equal for males and 
females as evidenced by recapture rates. Ratios of males 
and females captured for the tagging study were used 
to estimate total abundance with the equation 
Nˆ = Nˆ m / Rm, 
ˆwhere N = abundance of males; and m 
Rm = the ratio of males to the total captured. 
Abundance of females was estimated by subtraction, 
ˆ ˆ ˆi.e., by Nf = N–N .m
We used patterns of recaptures among preseason re-
leases (released from 26 March to 8 May 2003) versus 
prepeak releases (released from 28 to 30 May 2003) to 
test the assumption that tagging did not affect spawn-
ing behavior. One approach was to use a contingency 
table analysis that included a comparison of risks of 
recapture between animals tagged during preseason 
and prepeak periods. Another approach was based on 
*the extended likelihood presented above (Ls), which 
included a separate set of recapture probabilities for 
preseason and prepeak released animals. In this way, 
the model allowed for a temporary effect on capture 
probability due to tagging, such as a temporary delay 
in spawning. We used model comparison techniques 
(i.e., Akaike’s information criteria and likelihood ratio 
tests) to compare recapture probabilities among pre-
season and prepeak released animals (Burnham and 
Anderson, 1998). 
Results from a telemetry study conducted in 2004 
provided information on spawning behavior of horseshoe 
crabs caught and released from boats. In 2004, we at-
tached radio transmitters to 60 adult males throughout 
the Delaware Bay prior to the spawning season. When 
the animals came on the beach to spawn the signals 
from the transmitters were recognized by one or more 
of the 14 ﬁxed station receivers that were arrayed along 
the shoreline of the bay. In this article, we report the 
relocation rates (proportion of radio-tagged crabs that 
were recognized by at least one receiver) from that 
study because of their relevance to the assumption that 
tagging does not affect spawning behavior. 
An important application of abundance estimates 
is in the calculation of harvest rates. We calculated 
harvest rates by dividing estimated abundance into 
1) reported landings and 2) projected landings (based 
on recent regulations). The population that spawns in 
Delaware Bay disperses widely, some leaving the bay for 
the ocean. Calculations of harvest rate need to account 
for these migration patterns because landings from 
New Jersey and Delaware do not include landings of 
Delaware Bay spawning animals that were harvested 
in neighboring states (Virginia and Maryland). How-
ever, landings from neighboring states include animals 
that spawn in embayments other than Delaware Bay. 
Thus, use of landings from Delaware Bay states alone 
could underestimate harvest rate and use of landings 
from Delaware Bay and neighboring states could over-
estimate harvest rate. To put bounds on the problem, 
we calculated harvest rate 1) using landings from New 
Jersey and Delaware and 2) using landings from the 
Delaware Bay regional states (New Jersey, Delaware, 
Virginia, and Maryland). 
Results 
A total of 5398 males and 1823 females were tagged 
during the preseason period (26 March to 8 May 2003), 
and 7091 males and 3231 females were tagged during the 
prepeak period (28 to 30 May 2003; Table 1). Animals that 
were injured during capture were culled and not tagged. 
Culling rates were 0.19 during the preseason period, 0.05 
during the prepeak period, and 0.12 overall. 
During the spawning survey 22,051 males and 6675 
females were counted in quadrats and examined for 
tags. Forty-eight tagged animals were recaptured dur-
ing the spawning season surveys conducted 29 May, 31 
May, and 2 June 2003. Nineteen of the recaptures were 
within quadrats, and 29 were between quadrats. Only 
three of the recaptured tags were from females. This 
number is not surprising; tags are difﬁcult to detect 
on females because the females remain buried during 
spawning. The between-quadrat recaptures were not 
used in the estimation because we did not have a cor-
responding count of unmarked animals. 
Using the Petersen estimator and all releases, we 
estimated that there were approximately 14.5 million 
(SE=3.2 million) adult male horseshoe crabs in Dela-
ware Bay during peak spawning at the end of May 
2003. Using just the prepeak releases, we estimated 13 
million adult males (SE=3.6 million). 
Model comparisons indicated that recapture prob-
abilities were time-speciﬁc, but the temporary effect on 
recapture probabilities was not supported by the data 
(Table 2). The maximum likelihood estimate of male 
abundance with model 2 (Table 2) was 16.1 million 
(90% CI: 9.9 to 22.3 million). The difference between 
the Petersen estimate and the maximum likelihood 
estimate could have been due to model 2 that allowed 
for time-speciﬁc recapture probabilities, whereas the 
Petersen estimator did not. The maximum likelihood 
estimate based on constant recapture probabilities (i.e., 
model 1 in Table 2), matched the Petersen estimate 
(14.7 million for model 1 and 14.5 million for the Pe-
tersen estimate). 
Sex ratios were different for the preseason and pre-
peak spawning periods in a pattern consistent with a 
sex-speciﬁc migration schedule. There was a smaller 
proportion of adult females in the bay during the pre-
season period (0.25) than when spawning activity was 
near its peak (0.31), which is consistent with the known 
observation that males migrate earlier than females. 
Sex ratios observed during the prepeak period were 
used to estimate abundance in the bay during the peak 
spawning period. 
The assumption of equal catchability of tagged and 
untagged animals is an important assumption that af-
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Table 1 
Mark-recapture statistics for tagged horseshoe crabs (Limulus polyphemus) released during a prespawning season period 
(26 March to 8 May 2003) and a prepeak-spawning period (28 to 30 May 2003) and recaptured during spawning surveys on 29 
May, 31 May, and 2 June 2003. M1s is the number tagged preseason and M2s is the number tagged before the peak at the time 
of the survey date (i.e., occasion s); us is the number of untagged that were counted during the survey; and m1s is the number of 
prespawning season crabs recaptured and m2s is the number of prepeak-spawning period crabs recaptured during the survey. 
*Number untagged along the survey portion of the beach (us ) was estimated from quadrat counts, i.e., [number untagged on beach = 
beach length (m) × mean number per quadrat (no./m−2) – number recaptured on beach]. Survey portion of the beach was less than 
1 km. 
Along beach Quadrats 
*Sex Location s Survey date M1 M2 u u m1s m2ss m1s m2s 
Males Baywide 1 29 May 5398 4828 55,750 3 4 6846 1 2 
2 31 May 5398 7091 48,498 10 6 5117 2 1 
3 2 June 5398 7091 96,718 10 12 10,088 4 8 
New Jersey 1 29 May 1448 3703 25,123 0 4 3890 0 2 
2 31 May 1448 5254 16,376 3 6 2113 1 1 
3 2 June 1448 5254 29,630 0 9 3524 0 6 
Delaware 1 29 May 3950 1132 30,631 2 0 2956 1 0 
2 31 May 3950 1837 32,129 7 0 3004 1 0 
3 2 June 3950 1837 67,099 10 3 6564 4 2 
Females Baywide 1 29 May 1823 2143 18,224 0 0 2149 0 0 
2 31 May 1823 3231 17,022 1 1 1712 0 0 
3 2 June 1823 3231 27,339 0 1 2814 0 1 
New Jersey 1 29 May 488 1567 8021 0 0 1169 0 0 
2 31 May 488 2268 3993 0 1 532 0 0 
3 2 June 488 2268 6859 0 0 809 0 0 
Delaware 1 29 May 1335 576 10,202 0 0 980 0 0 
2 31 May 1335 963 13,029 1 0 1180 0 0 
3 2 June 1335 963 20,480 0 1 2005 0 1 
Table 2 
Comparison between three likelihood-based models for mark and recapture of horseshoe crabs (Limulus polyphemus). Each 
model allowed a differed pattern of variation in recapture probabilities. The models are listed in order from least to most complex. 
In model 1, the recapture probabilities were set to be constant for both release cohorts (prespawning season period and prepeak-
spawning period) and for all three recapture occasions. Model 2 allowed recapture probabilities to be time-speciﬁc, but equal for 
release cohorts. Model 3 allowed recapture to be time and cohort speciﬁc. Lower values for Akaikie information criteria (AIC) 
and ΔAIC indicate a better model ﬁt; ΔAIC = 0 is the best ﬁtting model. Likelihood ratio test (LRT) compares two nested models, 
and a signiﬁcant P-value indicates the more complex model is supported. 
Likelihood ratio test 
Variation in recapture 
Model probabilities AIC ΔAIC Models compared P-value 
1 Constant  −348512.08 
2 Time-speciﬁc −350225.72 
3 Time and cohort-speciﬁc −350220.83 
fects the accuracy of abundance estimates. Therefore, it 
was important to evaluate thoroughly whether tagged 
animals had different catchability than untagged ani-
mals. We tested for a temporary delay in spawning by 
comparing relative risk of recapture among the two 
release periods and by ﬁtting a likelihood model that 
1713 Models 1 and 2 <0.0001 
0 Models 2 and 3 0.77 
5 
incorporated separate recapture probabilities for each 
release cohort (Table 2). Evidence did not support the 
hypothesis that initial capture and tagging temporarily 
affected spawning behavior (χ2=2.03, df =2, P=0.36). 
The difference between the two release periods in the 
risk of being recaptured during peak spawning was 
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Table 3 
Maximum likelihood estimates of abundance for adult horseshoe crabs (Limulus polyphemus) in Delaware Bay during the end of 
May 2003. Estimates of females and for both sexes combined (“Total”) are based on mark-recapture estimates of males and sex 
ratios among the animals caught and released for this study. Adjusted estimates take into account the possible effect of capture 
on spawning by reducing releases of males by 0.88, which is an observed relocation rate for radio-tagged males. 
Adjusted estimates based on relocation 
Maximum likelihood estimates rates from radio-tagged males 
Abundance 90% CI Abundance 90% CI 
Males 16,140,000 9,910,000–22,300,000 
Females 7,350,000 4,520,000–10,160,000 
Total 23,490,000 14,430,000–32,460,000 
0.001 (90%CI: −0.0007 to 0.003). A model comparison 
test (likelihood ratio test in Table 2) did not support co-
hort-speciﬁc recapture probabilities (P=0.77). Although 
the difference in relative risk was in the direction of a 
temporary delay in spawning, the difference in recap-
ture probabilities tended to be in the opposite direction. 
On two out of the three recapture occasions, the prepeak 
release cohort had a higher recapture probability than 
the preseason cohort. The maximum likelihood estimate 
of abundance of males with the use of model 2 (Table 
2) was 20% higher for all releases (16.1 million crabs) 
than for prepeak releases only (13.4 million). A tempo-
rary delay in spawning would tend to cause abundance 
estimates based on late-releases to be higher than esti-
mates including early releases, but in fact the opposite 
occurred. Thus, based on three lines of evidence, it is 
unlikely that there was a temporary delay in spawning 
due to the capture and tagging of males. 
Another way in which tagged animals may behave 
differently from untagged animals is that tagged ani-
mals may forego spawning altogether. In 2004, we radio 
tagged horseshoe crabs using the same capture process 
that was used to tag animals in 2003. The radio-tagged 
horseshoe crabs were detected by radio receivers at 
high tide when the radio-tagged crabs emerged from 
the water to spawn. An array of ﬁxed station receivers 
ensured nearly complete coverage of spawning habi-
tat in Delaware Bay. Among radio-tagged males, we 
observed that age-speciﬁc relocation rates were 0.44, 
1.00, and 0.74 for young, middle, and old-aged males, 
respectively. The frequencies of these age groups in the 
end of May 2003 tag releases were 0.07, 0.62, 0.31 for 
young, middle, and old-aged males. Thus, the average 
relocation rate predicted for the 2003 releases would be 
0.88 (i.e., 0.44×0.07+1×0.62+0.74×0.31=0.88). There are 
several reasons for a failure to detect radio-tagged ani-
mals, namely behavioral response, movement beyond the 
range of radio receivers, transmitter loss or failure, and 
animal mortality. It is also possible that some adults 
migrate but do not spawn in a given year. Nevertheless, 
to be conservative, we adjusted the tag releases by the 
observed relocation rate (0.88) and computed estimates 
using the reduced releases. The 12% reduction in re-
13,730,000 8,780,000–19,400,000 
6,250,000 4,000,000–8,840,000 
19,980,000 12,7800,000–28,240,000 
leases resulted in a 15% reduction in the abundance 
estimates (Table 3). From currently available estimates 
of fecundity (88,000 eggs per female; Shuster and Bot-
ton, 1985), we estimated that egg production in 2003 
was 5.5×1011 (90% CI: 3.5×1011 to 7.7×1011). 
The adjusted estimates of abundance were 13.7 mil-
lion (90% CI: 8.8 to 19.4 million) for males and 6.25 
million (90% CI: 4.0−8.8 million) for females (Table 3). 
Landings in New Jersey and Delaware during 2003 
were 2.4% (90% CI: 2−4%) of abundance estimates 
(Table 4). When landings from Virginia and Maryland 
are included, landings during 2003 were 4% (90% CI: 
3−6%) of abundance. Harvest rates were similar for 
males and females because the sex ratio in the landings 
was similar to the ratio observed in our ﬁshery-inde-
pendent catch. We believe that our ﬁshery-independent 
catch was a representative sample of mature animals 
in the bay. 
We caught horseshoe crabs prior to and during the 
spawning migration. Thus, a comparison of pre- and 
postmigration catches could indicate the proportion 
of the population that over-wintered in the bay. We 
caught, on average, 18 adults per 15-min. tow on a ves-
sel with two 2.3-m dredges from 25 March to 3 April 
2003 prior to the spawning migration, which appeared 
to begin in mid-April. The catch-per-tow was 39 adults 
per tow during the period from 13 April to 8 May 2003 
and 60 adults per tow during 28 to 30 May 2003. Thus, 
we were catching approximately one third (18/60=0.3) 
of the animals prior to spawning migration; this frac-
tion could represent the proportion of the population 
that over-wintered in the bay and that did not migrate 
to the ocean between 2002 and 2003. 
Discussion 
There have been few attempts to estimate abundance 
of adult horseshoe crabs in Delaware Bay during the 
spawning run when the population is spatially concen-
trated. Shuster and Botton (1985) estimated population 
size from surveys on Delaware Bay beaches. However, a 
large portion of the bay was not included in the target 
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Table 4 
Harvest rates calculated from 2003 landings and abundance estimates of adult horseshoe crabs (Limulus polyphemus) in Dela-
ware Bay at the end of May 2003. To be conservative, estimates were adjusted according to the observed relocation rate (0.88) for 
radio-tagged male animals (see Table 3). NJ=New Jersey; DE=Delaware; VA=Virginia; and MD=Maryland. 
Delaware Bay Delaware Bay Region 
(NJ and DE)  (NJ,DE,VA,MD) 
Males Females Total Total 
Landings1 318,400 151,900 470,300 745,800 
Abundance  13,700,000 6,250,000 19,980,000 19,980,000 
8.8 to 19 mil 4.0 to 8.8 mil 12.8 to 28 mil 12.8 to 28 mil 
Harvest rate 0.023 0.024 0.024 0.04 
0.02 to 0.04 0.02 to 0.04 0.02 to 0.04 0.03 to 0.06 
1 ASMFC (Atlantic States Marine Fisheries Commission). 2004. 2003 Review of the ﬁshery management plan for horseshoe crab (Limulus 
polyphemus), 13 p. ASMFC, 1444 Eye Street, NW, Sixth Floor, Washington, D.C. 20005 
population study and was excluded from the survey. 
Carmichael et al. (2003) used transects located on a 
grid and visual counts in a shallow clear-water estuary 
to estimate abundance of the population in Pleasant 
Bay, Cape Cod, Massachusetts. Other estimates of the 
Delaware Bay population have been based on offshore 
surveys during nonspawning periods when populations 
are dispersed and possibly mixed (Botton and Haskin, 
1984; Botton and Ropes, 1987; Hata and Berkson, 2003). 
Our mark-recapture estimates apply to adult horseshoe 
crabs present in Delaware Bay during late May 2003 
when spawning peaked. 
In previous horseshoe crab population estimates that 
were based on offshore surveys (Botton and Haskin, 
1984; Botton and Ropes, 1987; Hata and Berkson, 
2003), capture efﬁciency was unknown, and adults that 
remained in estuaries (i.e., those that did not migrate to 
the ocean after spawning) were not sampled. Hata and 
Berkson (2003) concluded that the capture efﬁciency for 
their trawl survey was intermediate between that of the 
trawl survey reported in Botton and Haskin (1984) and 
that of the hydraulic dredge survey reported in Botton 
and Ropes (1987). The most recent estimate of offshore 
abundance of 7.1 million crabs was reported by Hata 
and Berkson (2003). Botton and Haskin (1984) reported 
densities that were 1.8 to 2.9 times the densities report-
ed by Hata and Berkson (2003), which would indicate a 
population estimate of 12 to 20 million according to the 
data of Botton and Haskin (1984). Botton and Ropes 
(1987) reported a minimum population of 2.3 to 4.1 mil-
lion. The proportion of adults that remain in the Dela-
ware Bay and do not migrate to the continental shelf 
after spawning is unknown. However, if the proportion 
of nonmigratory adults is sizeable (e.g., on the order 
of 0.3, which was indicated by our ﬁshery-independent 
catches) then that, along with gear inefficiencies in 
trawl surveys, could explain the difference between the 
estimates in our present study and those of Hata and 
Berkson (2003). 
Bias due to assumption violation is another reason 
for differences in estimates. We designed our study to 
obtain a representative sample when horseshoe crabs 
were concentrated and to minimize the time between 
release and recapture periods so that only a few days 
separated the prepeak release and recapture occasions. 
We released 17,543 tagged horseshoe crabs over two 
periods and examined 28,738 horseshoe crabs for tags, 
counting them in quadrats during subsequent spawn-
ing surveys (29 May, 31 May, and 2 June 2003). Low 
recapture rates (<1%) were consistent with a large 
population. However, it was important to evaluate the 
potential effects of assumption violations. Tag loss and 
tag-induced mortality were likely to be trivial because 
of the short period during which crabs were at large 
and results from ﬁeld studies and laboratory experi-
ments have shown no tag loss or tag-induced mortality 
(Crawford3; Brousseau et al., 2004). Brousseau et al. 
(2004) attached combined acoustic and radio tags and 
standard button tags to 24 female horseshoe crabs along 
two beaches in Delaware Bay, and then tracked them 
for eight days. All 24 were detected at least once, and 
20 spawned on the beach of release within eight days 
of release, indicating that handling and tagging had a 
minimal effect on spawning behavior. Tags could have 
been overlooked during the spawning survey, which 
is why we limited our analysis to males counted and 
recaptured within 1-m2 quadrats. 
We evaluated the effect of capture and tagging on 
spawning behavior, and found no evidence that tagged 
males delayed spawning. Using radio-tagged horseshoe 
crabs, we believe it is possible that tagged crabs termi-
nated spawning, and we adjusted abundance estimates 
based on relocation rates of radio-tagged crabs. Thus, we 
based our inference on abundance estimates that were 
adjusted downward to account for that possibility. 
Recapture rates were low over the short time period 
for our study. However, annual recapture rate was ap-
proximately 4% for all tag releases and recaptures. 
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Mark-recapture studies have been frequently applied to 
marine species for describing migration or estimating 
mortality (Hoenig et al., 1998; Bacheler et al., 2005). 
Mark-recapture methods are used infrequently for abun-
dance estimates of marine species, with the exception 
of anadromous species, whose spawning migration con-
centrates the population and enhances opportunities 
for recapture (Schwarz and Taylor, 1998). Similarly, 
the unusual horseshoe crab spawning migration and 
behavior concentrated the population and made them 
assessable for recapture. The validity of our abundance 
estimates is founded on a large number of tag releas-
es and animals checked for tags, a study design that 
ensured population closure, an adequate number of 
samples to represent the population, and an evaluation 
of the underlying assumptions. 
The sex ratio in our ﬁshery-independent catch (69% 
M: 31% F), which we believe is a representative sample 
of adults in the bay at the time of peak spawning, was 
similar to the sex ratio in the landings (68% M: 32% F). 
Hata and Berkson (2003) observed a similar sex ratio 
among adults in an offshore trawl survey (63% M: 37% 
F). Although, commercial landings in 2003 were not 
skewed toward the harvest of females, harvest could 
have selected females disproportionately in past years. 
The horseshoe crab harvest has been reduced through 
a series of reductions mandated by ASMFC (ASMFC4). 
Although there is evidence of stock decline coinci-
dent with increased landings in the past 10−20 years 
(ASMFC4), the estimates presented in the present study 
indicate recent regulatory changes had achieved a low 
harvest level by 2003. Based on the abundance esti-
mates reported here, harvest rate in 2003 was 0.024 
(90% CI: 0.02 to 0.04) for Delaware Bay state landings 
and 0.04 (90% CI: 0.03 to 0.06) for Delaware Bay area 
landings. In 2004, additional regulations were enacted, 
which capped landings at 150,000 per state for Delaware 
and New Jersey and prohibited harvest during May and 
early June when migrant shorebirds stopover in Dela-
ware Bay. As a result of the 2004 regulations, landings 
dropped to 173,023 (males and females) for Delaware 
and New Jersey combined, which is a 63% drop from 
2003 landings. Sex ratio of the 2004 landings was 68% 
M: 32% F, consistent with the 2003 landings. 
Estimating abundance is an important step in the 
process of determining the current capacity for horse-
shoe crab egg production in the bay and for managing 
for the energetic needs of shorebirds. We estimate that 
egg production in 2003 was 5.5×1011 (90% CI: 3.5×1011 
to 7.7×1011). The U. S. Fish and Wildlife Service Shore-
bird Technical Committee (USFWS5) estimated that a 
4 ASMFC (Atlantic States Marine Fisheries Commission). 
2004. Horseshoe crab 2004 stock assessment report, 
87 p. ASMFC, 1444 Eye Street, NW, Sixth Floor, Wash-
ington, DC 20005. 
5 USFWS (United States Fish and Wildlife Service). 2003. Del-
aware Bay shorebird-horseshoe crab assessment report and 
peer review. U.S. Fish and Wildlife Service Migratory Bird 
Publication R9-03/02, 99 p. USFWS, 4401 N. Fairfax Drive, 
Arlington, VA 22203. 
population of 423,000 shorebirds would require 1.07×1011 
horseshoe crab eggs as they migrated through Delaware 
Bay. This represents approximately 20% of all egg pro-
duction, which would have to be available temporally 
and spatially during the shorebird migration. 
Egg availability for shorebirds will depend also on 
overlap between horseshoe crab and shorebird migra-
tions, density-dependent bioturbation, and wave-medi-
ated vertical transport. Some important aspects of egg 
production and the process of making eggs available to 
foraging shorebirds are not well understood and have 
not been quantiﬁed. For example, if fecundity is found to 
be age- or size-related, then age or size would need to be 
incorporated in a calculation of egg abundance. Also, the 
process of bioturbation, which releases buried eggs to 
the beach surface, is known to be related to the density 
of spawning females, but has not been parameterized 
(Jackson et al., 2002). Determination of the dietary re-
quirements of migrant shorebirds in terms of horseshoe 
crab eggs coupled with reliable estimates of abundance, 
fecundity, and bioturbation rates, will set the stage for a 
management of horseshoe crabs that takes into account 
the trophic support it provides in Delaware Bay. 
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